Three granites from the NE Arabian Shield post-date a ~640 Ma major orogenic episode and record a change in mantle source Geochemical comparison suggests late-orogenic lower crustal melting induced by slabtear followed by a switch to lithospheric delamination Late-orogenic magmatism symbolises an extensional phase of a major transpressional shear zone generated by opposing subduction polarity
Introduction
Late-to post-orogenic magmatism marks the cessation of subduction-controlled magmatism between buoyant lithospheric fragments involved in major orogenic episodes such as the Neoproterozoic to Cambrian East African Orogen [EAO; Stern, 1994; Fritz et al., 2013] . Such magmatism was also a significant global contributor to continental growth and the resulting magmas were dominated by undeformed granitic rocks that have distinctive Sinai Peninsula [Eyal et al., 2010; Azer and Farahat, 2011; Khalil et al., 2015; Moreno et al., 2016] identify two distinct mantle sources involved in the transition from late-orogenic calcalkaline magmatism to post-orogenic alkaline magmatism associated with terminal collision, tectonic escape along the Najd Fault System [Stern, 1985] , and cratonisation. However, isotopic evidence indicates that this magmatism (regardless of age or element geochemistry) j [ε + + : Stoeser and Frost, 2006] , which highly favors mafic underplating as proposed by Stern and Johnson [2010] . Stern and Johnson [2010] provide strong evidence that the juvenile lower crust and upper mantle in the ANS formed at approximately the same time as the upper crust, hence lower crustal magmatic sources are not remelted or residual. A similar ANS model proposed by Stein and Goldstein [1996] discusses the impact of an enriched mantle plume (with or without crustal over-printing). Although highly debated, alternative models for the apparent source transition from late-to postorogenic magmatism is attributed to slab-tear/rollback [Gvirtzman and Nur 1999; Flowerdew et al., 2013; Robinson et al., 2015b] and/or to lithospheric delamination [Elkins-Tanton, 2005; Avigad and Gvirtzman 2009] .
In order to test if the prevailing mafic underplate model is applicable to all amalgamated terranes within the Arabian Shield, this study identifies three granitic intrusions in the Ha´il terrane (northeastern Arabian Shield) that successively intruded each other and show a geochemical transition following a major Arabian orogenic episode at ~640 Ma involving the accretion of western oceanic arcs and the eastern Afif-Tathlith terranes [Fritz et al., 2013] . Geochronology (~620-566 Ma) and whole-rock geochemistry of the northeastern intrusions is taken from Johnson [2006] and Robinson et al. [2014; 2015a] and compared with 1) Sinai granitic data from Eyal et al. [2010] in which 4 magmatic phases following accretion (~636-578 Ma) and switch in mantle source have been identified, and 2) southern
Asir terrane granites (~636-594 Ma; southern Arabian Shield) from Robinson et al. [2015a] in which a switch in mantle source is attributed to slab-tear/rollback and lower crustal melting. Ultimately, this study favors lower crustal melting and a switch to lithospheric delamination for the petrogenesis of granites in the Ha´il and southern Asir terranes, but the model is not necessarily applicable to the entire ANS. In addition, the petrogenetic models for the Ha´il and southern Asir terrane will be used to constrain the relative timing and convergence of the compression-to extension-related NFS. This study does not aim to debate the terminology of ´A-type´ or ´ferroan´ granite and uses these terms for the Sinai and Saudi Arabian granitoids presented here that are geochemically classified as either using the classification diagrams of Whalen et al. [1987] and Frost and Frost [2011] respectively. We aim to highlight a geochemical transition over time between the termination of orogenic Itype magmatism (~640 Ma) and the appearance of extension-related A-type or ferroan granitic magmas (<640 Ma) in Sinai and in the northeastern and southern Saudi Arabian
Shield. Consequently, the conventional ´anorogenic´ timing for A-type granites is instead referred to as: 1) late-orogenic magmatism, which post-dates juvenile arc accretion and is geochemically distinguished from I-type magmatism, and 2) post-orogenic magmatism, which post-dates and is geochemically distinguished from both I-type and late-orogenic magmatism.
Geological Setting
The Arabian Shield consists of a series of Tonian to accreted tectonostratigraphic terranes in which eight distinct terranes occur separated by five ophiolite-bearing suture zones that have been isotopically and geochronologically identified and generally young towards the east [Stoeser and Camp, 1985; Hargrove et al., 2006; Stoeser and Frost, 2006; Johnson et al., 2011] . The Arabian Shield structure is accepted to be composed of two parts: the Midyan, Hijaz and Asir (including Jiddah) island arc terranes comprising the western side and the Ha´il, Afif, Tathlith, Ad Dawadimi and Ar Rayn island arc terranes forming the eastern side (Figure 1b) . Whitehouse et al. [2001a] (Figure 1b, 1c) . The NMB is a ~100-150 km wide complex structural zone resulting from the collision and accretion between western island arcs and the eastern Afif terrane [Stoeser and Camp, 1985; Stoeser and Frost, ] w m H ' terrane in the south (Figure 1b) . Johnson et al. [2011] indicates that the NMB collision was not synchronous, but initiated at ~680 Ma in the north (Midyan, Hijaz and Afif terranes), while subduction continued in the south (Asir, Tathlith and Afif terranes) until ~640 Ma when post-orogenic magmatism occurred [Robinson et al., 2014] Figure 1a ; Johnson and Stewart, 1995; Stern and Johnson, 2010] .
One of the last tectonic events associated with continental assembly in the Arabian
Shield is the ~620-540 Ma Najd Fault System [NFS ; Stern, 1985] . This NW-SE compression-to extension-related transpressional shear zone overprints many of eastern and western Arabian Shield terranes (Figure 1a) . The NFS is thought to represent the final stages of Gondwana assembly through a series of reactivation events and induced magmatism. et al. [2014] also highlight the importance of the NFS in relation to the development and exhumation of metamorphic core complexes. Although hard to constrain, Kusky and Matesh [1999] date the NFS system at 576.6 ± 5.3 Ma, but the initial activity likely occurred earlier (~620 Ma) coinciding with the appearance of extension-related post-orogenic magmatism in the eastern Shield [Stern, 1985; Johnson et al., 2011] . Robinson et al. [2014] also concludes that 525 Ma extension-related A-type magmatism in the NW Arabian Shield
Meyer
[post-dating the debated Cambrian regional unconformity at 547-541 Ma: Bandeira et al., 2012; MacDonald et al., 2014] 
Geochronology and Petrography
The Idah Suite batholith forms a series of elliptical shaped, low rising hills spread over the Ha´il, northern Afif and northern Ad Dawadimi terranes in the northeastern part of the Arabian Shield (Figure 1c) . Idah Suite intrusions lie east of the NMB (~680-640 Ma) and initially defined granodiorite and quartz monzodiorite units (south of the current sample site) from which a reported zircon U-Pb age of 620-615 Ma and a whole-rock isochron age of 600 The Malik Granite consists of two isolated elliptical shaped plutons confined to the northeastern margin in the Ad Dawadimi terrane (Figure 1c) . Previous literature assigned this undeformed granite an assumed age of 620-615 Ma based on intrusive relationships with the Idah Suite [Johnson, 2006] . However, Robinson et al. [2014] recently dated this unit to 99 ± M σ z U-Pb, which indirectly constrains the age of the Idah Suite batholith. In this study, the sampled Malik Granite is considered to be late-orogenic with an age of 599 Ma. The Malik Granite is characterized by the occurrence of well-developed euhedral garnet crystals (~1-2%) and homogeneous alkali feldspar (~55-60%), quartz (~30-35%) and plagioclase (~5%) mineralogy that define a granite composition (Figure 2b ; Table   1 ). Apart from varying amounts of garnet (some samples are garnet-free) and rare muscovite, minor and accessory phases are almost non-existent. However, one isolated patch of interstitial biotite and ilmenite was observed between quartz grains, and two samples contain 
Geochemical Results
Whole-rock major and trace element geochemistry of the northeastern Idah, Malik and Abanat granitic suites are taken from Robinson et al. [2015a] and using discrimination diagrams and REE chemistry in this study are compared to similar age granitic data from the southern Asir terrane (Kawr Suite) and the northern Arabian Shield (Sinai Peninsula).
According to Robinson et al. [2015a; 2015b] Table 2 .
The sampled late-orogenic (620-600 Ma) Idah Suite pluton intrudes the northeastern Arabian Shield as an alkali granite with ferroan geochemistry and major and trace element abundances that classify this unit as an alkaline, A-type granite with A2 affinity (Figure 3a- e). The calc-alkaline/alkaline discrimination plot of Sylvester [1989] confine the A-type Idah
Suite to the alkaline + highly fractionated calc-alkaline field (Figure 3g ) alongside the alkaline stage 1 (609-602 Ma) and alkaline stage 2 (608-578 Ma) data of Eyal et al. [2010] .
The Idah Suite also resides in the VAG+syn-COLG tectonic fields using the Pearce et al. Ma) Abanat Suite is an alkali granite distinguished from all other units by its ferroan, A-type (A1 affinity) and peralkaline geochemistry (Figure 3a-e) . This suite is also strongly alkaline and distinct from the older granites (Figure 3g) . In most classification schemes, the Abanat Suite has the highest values along with the more silica-rich Kawr Suite (636-594 Ma) data points and alkaline stage 2 (608-578 Ma) data of Eyal et al. [2010] . However, the Abanat Suite is the only sampled Saudi Arabian unit with A1 affinity and a WPG classification, which separates it from the more silica-rich Kawr Suite (636-594 Ma) in the Asir terrane (Figure 3d, 3f) .
Saudi Arabian granitic suite compositions are averaged and the resulting values normalised to NMORB [Sun and McDonough, 1989] and plotted in [2010] with the calc-alkaline stage 1 (636-629 Ma) and alkaline stage 2 (608-578 Ma) fields forming the lowest and highest abundances respectively (Figure 4) . Notably, the Kawr Suite (southern Asir terrane) composition range spans the calc-alkaline stage 1 and alkaline stage 2 fields from Sinai (Figure 4) . The most obvious geochemical differences occur in the Malik samples that contain garnet (Figure 4) . These samples illustrate trace element and REE patterns almost opposite in nature to all other granitic suites, that is, the garnet-bearing samples have positive Sr and Eu anomalies, the lowest Nb and La, Ce abundance of any suite, a negative Nd anomaly, and an increase in HFSE (Figure 4) .
Discussion
The Johnson et al., 2011; Fritz et al., 2013; Abu-Alam et al., 2014] , but using whole-rock geochemistry, earlier suites (1 and 2) that follow shortly after cessation of terrane accretion (referred to as late-orogenic) are distinguished from younger units (suite 3) that occur ~60
Myr after accretion terminated (referred to as post-orogenic). The geochemical significance of and potential petrogenetic model for the Ha´il magmatism is discussed below and then w m m z m 525
Ma NFS, which is one of the last tectonic events associated with Gondwana assembly recorded in the ANS.
Geochemical differences between late-to post-orogenic granites
The late-orogenic Idah Suite is a hypersolvous, ferroan alkali granite with a selective enrichment in LIL elements, negative Eu anomaly, and depletion in HREE characteristic of highly fractionated granite. This signature is further emphasized by its alkaline to highly [1998] also discuss geochemical transition phenomena in Mali, but emphasize the importance of varying amounts of water present within intra-crustal magma chambers and its role in inducing crystallization of various granitic mineral assemblages. Bonin et al. [1998] indicate that initial post-orogenic magmatism is silica-oversaturated, marked by HFSE depletion relative to LILE due to accessory mineral precipitation (hydrous mineral melting) and derived from orogenic subcontinental lithospheric (not depleted) mantle. By contrast, the appearance of younger post-orogenic granites (aegirine-and arfvedsonite-bearing) characterize a more primitive LILE and HFSE-rich source (F-rich aqueous fluid complexing) rapidly replacing the older orogenic mantle source during lithosphere delamination, which ultimately becomes the thermal boundary layer of the new lithosphere.
In terms of the northeastern Arabian Shield, the magmatic processes described in
Harris et al. [1986] and Bonin et al. [1998] have a close resemblance to the Ha´il-northern Afif A-type granitic suites presented in this study. Geochemical evidence suggests that the late-orogenic Idah and Malik suites are products of mineral fractionation/accessory mineral precipitation resulting in lower incompatible element classification e.g. VAG-WPG diagrams of Whalen et al. [1987] . This highlights the possibility that these suites may not be VAG units. This fractionation trend is also reinforced by the 636-594 Ma Kawr Suite from the southern Shield, which illustrates an even more pronounced fractionation trend from samples classified as VAG through to WPG (Figure 3f) . Considering that the late-orogenic Kawr
Suite plots in the calc-alkaline stage 1 through alkaline stage 2 fields alongside the lateorogenic Idah and Malik Granite (Figure 3g) , all three late-orogenic suites are unlikely to represent VAG. Instead, these late-orogenic suites are regarded as products of mineral fractionation/accessory mineral precipitation geochemically distinguished from the postorogenic, WPG classified (Figure 3f ) Abanat Suite associated with an HFSE-rich source.
The distinction between late-and post-orogenic granite is quite clear using elemental geochemistry. However, as outlined in the introduction, most of the ANS is isotopically juvenile [mafic underplate; Stern and Johnson, 2010] with no evidence for lower crustal residual or remelted magmatic sources. In order to determine if the change in geochemistry from late-to post-orogenic magmatism in the Ha´il terrane is truly a change in mantle source, isotopic evidence must be addressed. The less juvenile isotopic signatures of the Malik Granite are an important aspect of this study and whether they are a magmatic in origin or products of metasedimentary partial melting related to deep seated metamorphic process remains unclear. Since the garnet-bearing samples are clearly ferroan in nature (Figure 3b) and reside in the I-and S-type granite field (Figure 3c) , it is quite plausible that the Malik Granite can be attributed to metamorphism and partial melting of isolated patches of older crust buried at depth (e.g. in the Ha´il terrane).
However, it should be noted that the only exposed terrane in Saudi Arabia with continental affinity is the Paleoproterozic Khida terrane [Whitehouse et al. 2001a; Stoeser and Frost, 2006] and all remaining accreted terranes, and associated volcanosedimentary and magmatic units, are isotopically juvenile (less than the Malik Granite; Figure 5 (Figure 3g) , so it seems plausible that the Malik Granite is an arc-related magma derived from a residual lower crustal source. A study by Wang et al.
[1998] discusses garnet xenoliths in Kimberlites from the Sino-Korea Craton and interpret the underlying lithospheric mantle to be mainly composed of garnet lherzolite and garnet harzburgite. It is plausible that a garnet-bearing lithospheric mantle occurred beneath the Arabian Shield, but the driving mechanism required to provide heat to remelt the lithosphere/lower crust remains uncertain.
Petrogenesis of northeastern Arabian Shield late-to post-orogenic granites
Geochemical similarities between the 620-600 Ma Idah Suite and alkaline stage 1 (609-602 Ma) of Eyal et al. [2010] suggest that a change in the existing calc-alkaline producing magmatic-arc occurs at this time. It is acknowledged that a number of possibilities can account for the late-orogenic Idah Suite VAG, A-type magmatism, but considering that all samples presented in this study post-date accretion (subduction-arc magmatism), and lateorogenic A-type suites have melt compositions that plot within the undifferentiated alkaline + highly fractionated calc-alkaline geochemical fields (Figure 3g) , any tectonic mechanism must take into account the subducting slab underneath the Nabitah Mobile Belt. It is plausible that late-orogenic granites are simply highly fractionated I-type melts connected with subduction-arc magmatism at depth. However, this is regarded as unlikely since such a process would also be recorded in earlier orogenic granites, but these do not record ferroan or A-type geochemistry, suggesting a new tectonic mechanism is required. Whatever mechanism is applied, a new heat source is required to generate late-orogenic magmatism and then an eventual switch to post-orogenic (geochemically enriched) magmatism. If the commonly discussed enriched mantle plume [Stein and Goldstein, 1996] , mafic underplate 
Tectonic timing and the development of the Najd Fault System
The geochemical trends previously described outline the involvement of subduction in late-orogenic granite petrogenesis with a switch to post-orogenic delamination and the role of Similarly in the southern NMB, this study proposes that the late-orogenic (636-594 Ma)
Kawr Suite is also associated with slab-tear/rollback magmatism and reflects the TathlithAsir accretion cessation and the extensional phase of the NFS.
Regardless of the exact timing of the NFS initiation, the relative convergence of neighboring terranes are an important factor to assess how the NFS NW-SE orientated structures formed in the Arabian Shield. As illustrated in Figure 7b , the NFS stretches from southern Afif to the northwestern Midyan terrane overprinting the N-S oriented NMB, and the late-orogenic magmatism defines opposing subduction polarity between the southern and northern Arabian Shield (Figure 7b) . Regardless of whether the A-type suites presented here are generated in arc or back-arc settings, the subduction polarity direction relative to the NMB, hence the NFS structure, remains unchanged. This study proposes that opposing plate directions between the southern and northern Arabian Shield would result in a NW-SE oriented strike-slip transpressional zone [ Figure 7b ; Abu-Alam and Stüwe, 2009; . This would be initially compressional (>620 Ma) and then switch to extension as marked by the appearance of the A-type granites (<620 Ma), which is in agreement with
Hassan et al. [2016] . An example of a similar collision-related strike-slip system formed by opposing subduction polarity is the transform fault between the North and South Island of New Zealand associated with the subduction of the Australian and Pacific plates [Cole and Lewis, 1981; Walcott, 1998] . Although this study documents extension initiation rather than the compression phase (as documented in New Zealand), it is plausible that future A-type magmatism in New Zealand will also mark the initiation of extension as seen in the NFS of the Arabian Shield.
Opposing subduction polarity in the Arabian Shield may also be used as a regional Hassan et al., 2016] , which is reflected in the northern ANS by the NFS. This fault zone activity finalized at ~525 Ma [Robinson et al., 2014] when India collided with the Congo-Tanzania-Bangweulu block marking the termination of Gondwana assembly in Central Arabia.
Conclusions
Following an early late-orogenic infiltration of asthenospheric mantle into the lower lithosphere whereby lower crustal melting was induced by slab-tear/rollback and the partial melts experienced a high degree of fractionation towards A-type or ferroan granites. This is followed by post-orogenic lithospheric delamination, which marked the replacement of the older orogenic mantle source with new asthenospheric (REE-enriched) mantle that ultimately becomes the thermal boundary layer of the new lithosphere. In addition, we infer that only in some cases is the enriched asthenospheric mantle the source of A-type granite in the ANS.
The ages of the northeastern granitic suites allows Late Precambrian extensional fault structures that cross the Arabian Shield to be constrained further. The Najd Fault System is a major transpressional shear zone in which late-orogenic magmatism marks the switch from compression (>620 Ma) to extension (<620 Ma). This study interprets that the late-orogenic magmatism in the northeastern (620-600 Ma) and southern (636-594 Ma) Arabian Shield symbolize NFS extension and define opposing subduction polarity that created the initial compression phase. Furthermore, the amalgamation of East and West Gondwana represents opposing subduction polarity as expressed as the Late Precambrian NFS.
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